r Sensory information processing in hippocampal circuits is critical for numerous hippocampus-dependent functions, but the underlying synaptic mechanism remains elusive.
Introduction
Although the hippocampus is not a sensory region, hippocampal processing of sensory information is critical for numerous brain functions, particularly those depending on experience-induced plasticity in hippocampal circuits such as online memory acquisition (LeDoux, 2002; Lynch, 2004; Kandel, 2007; Neves et al. 2008) . In the studies of information processing in the hippocampus, hippocampal activity, particularly neuronal firing in response to environmental stimulation, has been extensively investigated. It is now well known that a sensory stimulus is encoded in a specific subset of hippocampal neurons, with a strategy of "sparse" representation proposed for hippocampal processing of sensory information (Skaggs & McNaughton, 1992; Treves & Rolls, 1994; Okada, 1996; Buzsaki, 2006) . As shown by studying hippocampal activity involved in processing spatial information, spike activity is produced in only a small population of hippocampal place cells in a particular location of the environment (O'Keefe & Dostrovsky, 1971; O'Keefe & Conway, 1978; Harris et al. 2003) . Also, with regard to hippocampal activity involved in processing non-spatial information, it has been found that a non-spatial stimulus is specifically encoded in a small population of hippocampal neurons, as reported for the neuronal firing evoked in the hippocampus by simple sensory stimulation, such as acoustic (Itskov et al. 2012 ), visual (Harutiunian-Kozak et al. 1989 ) and somatosensory stimuli (Bellistri et al. 2013) , as well as complex sensory stimuli (Quiroga et al. 2005) . Although hippocampal responses to sensory stimulation have been extensively studied with respect to spike activity, sensory-evoked hippocampal responses at the synaptic level as well as the synaptic mechanism for hippocampal information processing remain largely unknown. In this study, we performed whole-cell recording from hippocampal CA1 pyramidal cells (PCs) in adult rodents and measured CA1 responses to a flash of visual stimulation. At resting potentials, we observed significant membrane-potential (MP) or membrane-current (MC) responses to the flash stimulus in ß30% of CA1 PCs. Interestingly, at depolarizing potentials, significant MP/MC responses were observed in nearly all CA1 PCs, and the MP/MC responses in the greatly enlarged neuronal population were further found to originate from NMDA receptors. The NMDA receptor-gated responses as observed in a widespread population of CA1 neurons may be important for hippocampus-dependent functions that involve information processing, such as learning and memory.
Methods

Ethical approval
All animal procedures were performed in accordance with the Animal Care and Use Committee of East China Normal University. Animals were commercially purchased (Slaccas Corp., Shanghai, China). Sprague-Dawley rats (male, 280-380 g; aged 10-14 weeks) and B6/CBAF1 mice (male and female; aged 8-10 weeks) were used in our experiments. CA1-knockout (KO) mice were bred using a B6/CBAF1 mouse strain background as described in a previous report (Tsien et al. 1996) . In brief, mice carrying fNR1 +/+ , Cre/+ were used for the KO group; and mice lacking the Cre gene or those carrying this gene but not fNR1 genes (fNR1 -/-) were used as littermate controls. Animals were housed with free access to food and water and maintained on a 12 h/12 h light/dark cycle. After electrophysiological recording, animals were killed by intraperitoneal (I.P.) injection of pentobarbital.
Animal preparation for anaesthetized recording
The experimental procedures have been described in detail previously (Wang et al. 2016; Liu et al. 2017) . Animals were initially anaesthetized with pentobarbital (80 mg kg −1 for rats, 85 mg kg −1 for mice; I.P.). After tracheotomy, the head was restrained in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA) with the body temperature maintained at 37.3-37.8°C via a heating blanket. A small craniotomy (2-3 mm diameter for rats, 1-1.5 mm for mice) was made above the right cortex (from Bregma: 3.5-5.5 mm posterior and 2.5-3.5 mm lateral for recordings from rats; 1.5-2.5 mm posterior and 1.5-1.9 mm lateral for mice). A small piece of dura mater was carefully removed. The stimulated eye was fixed to a metal ring to prevent eye movement and irrigated with saline. Anaesthetized recordings (3-18 h after initial anaesthesia) were obtained at a light anaesthesia level just below the threshold of body movements that consisted of licking or scratching, and the anaesthesia level was constantly maintained with supplementary injections of pentobarbital (16-20 mg kg −1 h −1 for rats; 20-24 mg kg −1 h −1 for mice) 2-4 h after initial anaesthesia.
Animal preparation for awake recording
Mice with the same age as for anaesthetized recording were used. Animals were prepared as described in a recent report (Wang et al. 2016) . One week before recording, animals were anaesthetized with pentobarbital (85 mg kg −1 ;
I.P.). After cutting the scalp and cleaning completely the soft tissue above the skull, a metal plate allowing the exposure of Bregma and craniotomy was attached to the skull with Vetbond tissue adhesive and dental cement. After the surgical procedure, analgesia with carprofen (5 mg kg −1 ; S.C.) was administered, and animals were returned to their home cages and individually housed. On the following days, animals were trained to get accustomed to head fixation, during which the metal plate attached on the head was screwed to a metal bar installed on one side of the head, and animals were placed on a plastic rotating plate. On the recording day, animals were head-fixed via the same procedures and anaesthetized with isoflurane (1.5%). Surgery for craniotomy and dura dissection similar to that for anaesthetized recording was conducted, after which the head was released and the animal was allowed to recover from isoflurane for >1 h. Recordings were then made when the head was re-fixed, a session lasting for 4-5 h and consisting of 1-3 water applications.
In vivo whole-cell recording and visual stimulation
Whole-cell recordings from anaesthetized and awake animals were obtained as described in detail previously (Wang et al. 2016; Liu et al. 2017) . For perforated whole-cell recordings, internal solution contained (in mM) 136.5 potassium gluconate, 17.5 KCl, 9.0 NaCl, 1.0 MgCl 2 , 10.0 Hepes, 0.2 EGTA, plus 0.5 mg ml −1 amphotericin B (unless otherwise specified); small quantities (0.5-0.8 mg ml −1 ) of glass beads (5-15 μm in diameter) (Polysciences, Inc.) were included for the availability of the precipitate-free solution in pipette tips, as described (Wang et al. 2016; Liu et al. 2017) . For conventional whole-cell recording, K + -or Cs + -(with 5 mM TEA) based internal solution was used: the former contained (in mM) 125.0 potassium gluconate, 2.0 KCl, 10.0 sodium phosphocreatine, 10.0 Hepes, 0.5 EGTA, 4.0 Mg-ATP, 0.3 Na 3 GTP; the latter contained (in mM) 115.0 caesium gluconate, 8 NaCl, 5.0 TEA-Cl, 20 Hepes, 0.2 EGTA, 4.0 Mg-ATP, 0.3 Na 3 GTP. For conventional whole-cell recordings that were performed in voltage-clamp mode (results shown in Fig. 3 ), 2 mM QX314 was intracellularly applied to block Na + channel opening. For histological staining, 0.5-1% neurobiotin was used. The pH of the internal solution was adjusted to 7.3.
Patch pipettes with a tip opening of 2.5-3.0 μm were pulled from borosilicate glass tubing (Kimble Glass Inc.), which had a resistance of 1.6-2.0 M (in perforated whole-cell recording, pipette resistance was increased to 3.0-4.5 M when glass beads were pushed to pipette tips; Wang et al. 2016) . Pipettes were advanced with a motor-driven manipulator (Siskiyou MMX7630, Siskiyou Corp.) at a speed of 15-30 μm s −1 in the cortex and ß15 μm s −1 when pipettes entered at the depth of hippocampal CA1, during which a positive pressure (250-350 and 60-80 mbar for perforated and conventional whole-cell recordings, respectively) was applied to the pipette interior. Signals were acquired with a patch-clamp amplifier (Axopatch 200B, Axon Instruments) and sampled at 5 kHz by a data acquisition card (Digidata 1440, Axon Instruments), with 1, 2 or 5 kHz low-pass filtering.
After recording, stereotaxic coordinates of the neuron were measured to assess the recording site. That the recordings were obtained from hippocampal CA1 pyramidal layers was also indicated by the depth (rats, 120-220 μm; mice, 70-150 μm) of the recording site beneath the boundary between the cortex and the hippocampus (as illustrated in Fig. 1A) , where a sudden jump of electrical signals could be observed by monitoring pipette resistance. In this study, putative CA1 interneurons (ß5% of whole-cell patched neurons in our recordings in hippocampal CA1 pyramidal layers), as indicated by their physiological characteristics (such as large spike after-hyperpolarization, short duration action potentials, and the lack of complex spike bursts, as compared with CA1 PCs) (Liu et al. 2017) were not considered. In putative CA1 PCs (ß95% of whole-cell patched neurons), histological staining of neuronal morphology was performed in some experiments, and all the cells stained (n = 5 rats; n = 5 mice) were found to be PCs.
Liquid junction potentials were corrected in this study: -13 mV for perforated and -15 mV for conventional whole-cell recordings. Recordings with resting potentials (for the use of Cs + -based internal solution, it referred to the potential initially recorded after the formation of whole-cell recording) between J Physiol 596.10 -60 and -80 mV (-68 ± 6 mV; mean ± SD) were included for further analysis. In the recordings under anaesthesia, the membrane resistance was 57 ± 15 M (mean ± SD) and 79 ± 24 M for the K + -and Cs + -based solutions, respectively (measured from randomly selected recordings); the series resistance (not compensated for recording) in perforated and conventional whole-cell recordings was 57 ± 12 M and 30 ± 9 M , respectively, and overshooting spikes could be observed by both methods of recording. In perforated whole-cell recordings from awake mice, the series resistance was 51 ± 12 M . A corrected voltage (V c ) rather than the holding voltage (V h ) applied was referred to as the estimation of V soma in voltage-clamp experiments: V c (t) = V h -R s × I(t); where R s is series resistance, and I(t) is membrane current at time t. Current-clamp recording was performed without current injection (I = 0 mode).
For visual stimulation, an LCD monitor was placed with a distance of 1.5 cm (rats) or 10 cm (mice) from the left eye (in our observations, eliciting similar magnitudes of visual cortical responses in rats and mice requires different distances of flash stimulation, possibly due to the difference in their eyeball diameters). Whole-screen flash stimuli (duration, 100 ms; luminance, 180-200 cd m −2 ) on a dark background (2-4 cd m −2 ) were generated by a computer. Dimming-light stimuli (duration, 100 ms; with the same brightness as the dark background) were applied on a background with the same brightness as the flash stimulus. In our previous study (Shang et al. 2011) , this stimulus was found to cover the receptive field of all V1 neurons we recorded in rats. Flash stimulus-evoked responses were measured for at least 100 (up to 400) repeats at an inter-stimulus-interval of 6, 10 or 16 s.
Slice preparation and electrophysiology
Adult rats at the same age as those for in vivo recordings were used. Animals were anaesthetized with sodium pentobarbital and after decapitation the brain was rapidly removed and placed in ice-cold artificial cerebrospinal fluid (aCSF, which contained (in mM) 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , 11 glucose). Coronal slices (400 μm thick) containing the dorsal hippocampus were cut with a vibratome (Leica, VT1000 S) and were then incubated at room temperature for more than 1 h before electrophysiological experiments. Recording temperature in the submerged chamber was maintained at 28-30°C. Neurons were visualized with an Olympus microscope (DX50WI) using infrared video microscopy and differential interference contrast optics. Conventional whole-cell recordings were made with the use of Cs + -based internal solution, as described for in vivo recordings. Membrane resistances were 99 ± 19 M (mean ± SD); series resistances were 19 ± 4 M . Bipolar tungsten electrodes or monopolar glass electrodes filled with aCSF were placed in stratum radiatum for stimulation, which was produced by a pulse generator (Master-8; A.M.P.I.) through a stimulus isolator (ISO-Flex; A.M.P.I.). All recordings were obtained with GABA A receptors blocked by bath applied picrotoxin (0.1 mM). Liquid junction potentials (-15 mV) were corrected.
Histological analysis
The brain was immediately removed after animals were perfusion fixed with 4% paraformaldehyde (PFA) in 0.1 M PBS. The brain with CA1 neurons stained by neurobiotin was further fixed in PFA for 12 h at 4°C and then cut into 100 μm-thick slices with a vibratome (Vibratome 3000, Vibratome Corp.). Slices were then incubated in 0.3% H 2 O 2 for 30 min, followed by 1 h treatment of 0.3-0.5% Triton X-100 (Sigma), and then 5 h incubation in PBS containing an avidin-biotinylated horseradish peroxidase complex (1:100; Vectastain ABC Elite kit) with 0.3% Triton X-100. The reaction was visualized with the Tris-buffered saline containing 0.06% diaminobenzidine (DAB), 0.03% H 2 O 2 and 0.08% nickel chloride. The brain was fixed in PFA for 2 days at 4°C and then gradient dehydrated with 20% and 30% sucrose solutions. Slices, 50 μm thick, were cut with a cryostat (Leica CM1850, Leica Corp.) and stained with cresyl violet staining solutions for 5-6 min.
Data analysis and statistics
To average MP responses to flash stimuli, spikes were removed from each trial with a cutoff amplitude at firing thresholds (defined as the MP value at which dV/dt >10 V s −1 ). In the current-clamp recordings obtained under anaesthesia, mean baseline noise (defined as the standard deviation (SD) in the trace averaged before stimulation) was 0.36 ± 0.15 mV (mean ± SD) and 0.48 ± 0.19 mV in the experiments using K + -and Cs + -based internal solution, respectively. In the voltage-clamp recordings obtained under anaesthesia (in Fig. 3 ), mean baseline noise was 1.23 ± 0.45 pA and 2.25 ± 1.3 pA when V soma was held at -70 and -35 mV, respectively. In the voltage-clamp recordings obtained from awake animals, mean baseline noise of the data shown in Fig. 6B and C (at -35 mV) was 1.76 ± 0.12 pA, and the data shown in Fig. 6D and E (at -70 mV) were 0.74 ± 0.09 pA.
For in vivo measurements, MP and MC responses were found to show Z-score values of the peak amplitude ࣙ4 (with reference to baseline noise), in which P < 0.05 (for peak response amplitudes) for statistical significance was also found. The calculation of the Z-score of a raw score x was: Z-score = (x -μ)/σ; where: μ is the mean of the population, and σ is the standard deviation of the population. As calculated from the current-clamp recordings at resting potentials (data summarized in Fig. 2 ), Z-score values were 7.4 ± 3.5 (mean ± SD). Spike-rate (SR) responses were found to show Z-scores ranging from 3 to 14 (mean ± SD, 4.8 ± 2.5), which also met a criterion of P < 0.05. The lack of a response (MP, MC or SR) was defined as Z-score values ࣘ2, in which P > 0.05 was found.
Onset latencies and durations were inspected according to 1-fold SD amplitudes. Unless otherwise specified, statistical significance was determined using a Mann-Whitney U test, and average values are presented as means ± SEM.
Results
Sparse CA1 responses to the flash at resting potentials
We first performed perforated whole-cell recording (with amphotericin B in K + -based internal solution) on CA1 were not considered), firing threshold (from resting potentials), spontaneous firing rates, resting potentials and MP levels immediately (5 ms) preceding the response onset (i.e. initial MPs, which were measured from average traces). * P < 0.05; * * * P < 0.001; n.s., not significant.
PCs in the dorsal hippocampus of anaesthetized adult rats (as illustrated in Fig. 1A ). MP and SR changes were monitored at resting potentials in current-clamp mode (without applying holding currents). Consistent with previous in vivo findings by sharp electrode recording (Buzsaki et al. 1996) and whole-cell recording (Harvey et al. 2009; Epsztein et al. 2011; Grienberger et al. 2014; Wang et al. 2016 ) from CA1 neurons, we observed large MP depolarization as well as single spike and complex spike bursts that occurred spontaneously (Fig. 1B) , with a firing threshold of 11 ± 1.2 mV (mean ± SD; from resting potentials) in our recordings.
To examine the sensory responses of CA1 PCs, we presented a brief (100 ms duration) flash of visual stimulation to the contralateral eye and measured MP responses at resting potentials. We first evaluated MP responses in a group of 85 CA1 PCs that underwent response measurements for no less than 100 repeats. In these data, we detected significant MP responses in a small fraction (n = 27; 32%) of neurons, in which excitatory and inhibitory responses were observed in 19 cells (22% of all recordings) and 11 (13%) cells (with 3 cells showing both responses), respectively (see Fig. 1C for two example cells). The cells with significant responses (in which Z-score values of peak amplitudes ࣙ4 were found; see Methods for more information) are termed here flash stimulus-sensitive (FSS) cells, with the other group of cells (in which Z-scores ࣘ2 were found) termed flash stimulus-insensitive (FSI) cells. The proportions of FSS and FSI cells estimated from the above 85 recordings were further confirmed by our analysis performed on a selected group of cells that underwent a larger number (200-400; mean ± SD, 280 ± 71) of response measurements (with mean baseline noise reduced from 0.36 ± 0.15 mV to 0.13 ± 0.03 mV, mean ± SD; n = 17), in which a similar proportion of FSS/FSI cells was found, with 5/17 (29%) cells showing significant responses (see Fig. 1D for two examples).
In the above 85 recordings, SR responses were detected in 8 (9% of all recordings) of the 19 excited cells and in 6 (7% of all recordings) of the 11 inhibited cells (Fig. 1E) . In the cells showing SR responses, the peak amplitudes of MP responses, as measured from average traces, were small (excitatory, 1.8 ± 0.2 mV; inhibitory, -1.2 ± 0.1 mV; see Discussion) and not significantly larger than those without SR responses detected (excitatory, 1.7 ± 0.2 mV; inhibitory, -1.2 ± 0.3 mV) (Mann-Whitney U test: excitatory, U = 35.0, P = 0.79; inhibitory, U = 9.0, P = 0.55) (Fig. 2A) . However, in the former groups of cells, a steeper rise slope (20-80% peak amplitudes; measured from average traces) of MP responses was found (compared with the latter group: excitatory, U = 14.0, P = 0.03; inhibitory, U = 2.0, P = 0.03) (Fig. 2B) , which was likely involved in facilitating spike changes. Similar to previously reported CA1 firing evoked by simple (MacDonald et al. 2011; Itskov et al. 2012) or complex (Quiroga et al. 2005) sensory stimuli, the MP responses of CA1 PCs had a long and variable onset latency (mean ± SD, 410 ± 375 ms; n = 27; Fig. 2C ) (see Discussion).
We also compared the properties of spontaneous activity and intrinsic excitability between FSS and FSI cells as well as between the FSS cells with SR responses and and those without, including the variation of spontaneous MP changes (which could reflect different brain states; Zhou et al. 2014) , firing threshold, spontaneous firing rates, resting potentials and MP levels immediately preceding the response onset. In this analysis (data shown in Fig. 2D ), no obvious correlation was found between a given property and the neuronal responsiveness (except MP variation in cells with inhibitory responses).
Widespread distribution of NMDA receptor-mediated CA1 responses at depolarizing potentials
The findings of visually evoked responses in a small population of CA1 neurons are consistent with previous observations by extracellular unit recording in the hippocampus from animals (Harutiunian- Kozak et al. 1989) and humans (Quiroga et al. 2005) , and agree with the notion that sparse representation is used for hippocampal processing of sensory information (Skaggs & McNaughton, 1992; Treves & Rolls, 1994; Okada, 1996; Buzsaki, 2006) . In the following experiments, by studying the possible mechanism for the sparse distribution of visually evoked responses in CA1 regions, we found interestingly that although FSI cells exhibited no significant responses to the flash stimulus under normal conditions (i.e. at resting potentials), these cells showed clear excitatory responses to the same flash at depolarizing potentials. In Fig. 3A and 3B, we show the recordings obtained at two potentials from the same CA1 PCs, in which conventional (breakthrough) whole-cell recording (series resistance lower than that of perforated whole-cell recording) was performed in voltage-clamp mode (with the use of K + -based internal solution) to alternately hold the soma voltage (V soma ) at -70 mV and -35 mV for response measurements (as illustrated in Fig. 3A , top; due to shunting effects, the voltage at a dendritic site should be somewhat different from V soma ). In 13 PCs recorded, 9 were FSI cells, with no MC responses to the flash detected when V soma was -70 mV. However, when their V soma was held at -35 mV, all the nine FSI cells exhibited significant excitatory MC responses to the same flash (see Fig. 3A which responses were still not detectable (Fig. 3B, right) , although baseline noise was greatly reduced to 0.39 pA.
The emergence of excitatory responses at depolarizing potentials (V soma at -35 mV) in FSI PCs was reminiscent of the activity at silent synapses, a form of glutamatergic synapse that contains only NMDA receptors and no AMPA receptors (Isaac et al. 1995; Liao et al. 1995; Durand et al. 1996; Kerchner & Nicoll, 2008) . Indeed, in 12 other cells, similar response measurements (as in Fig. 3A and B) but with the NMDA receptor blocker MK801 (1 mM) included in the internal solution found that all cells without responses at -70 mV (n = 9) displayed no detectable responses at -35 mV (Fig. 3C) . The emerging responses at depolarizing potentials and their dependence on NMDA receptors indicated the presence of NMDA receptor-mediated gating of visual responses in FSI cells, which may be explained by postsynaptic origin at silent synapses and/or some unknown dendritic conductances activated by NMDA receptors (see Discussion).
In the above voltage-clamp experiments, it was difficult to estimate the voltage at a given synapse (although V soma was held), due to the shunting effects of spontaneous activity as well as active and passive dendritic conductances (Spruston, 2008) . Thus, in the following experiments, we further assessed NMDA receptor-gated responses with the use of Cs + /TEA internal solution (Cs + -based solution with 5 mM tetraethylammonium, TEA; see Methods) for conventional whole-cell recordings to depolarize the cell (with some K + channels and hyperpolarization-activated (I h ) channels blocked; Hoffman et al. 1997; Magee, 1998) . As observed in current-clamp mode (without holding currents applied), the Cs + /TEA treatment resulted in a depolarization of baseline MPs to -40 to -50 mV (mean ± SEM, -45 ± 0.9 mV) within 15-20 min after the whole-cell configuration had been achieved. At the potentials depolarized by Cs + /TEA, our current-clamp recordings also detected excitatory MP responses to the flash in a large proportion (8/10) of CA1 PCs recorded (Fig. 4A , with the remaining 2 cells inhibited; also see Fig. 4B for the comparison of excitatory responses recorded at resting potentials and the potentials depolarized by Cs + /TEA and voltage clamping at V soma = -35 mV). Likewise, when MK801 was included in the Cs + /TEA internal solution, only 1/9 cells we recorded in current-clamp mode showed excitatory MP responses at the depolarized potentials ( Fig. 4A ; 2 cells inhibited). With Cs + /TEA internal solution (not containing MK801), we also conducted voltage-clamp recording by holding V soma at -80 mV, and in our observations, only 2/9 cells could be excited (Fig. 4C) .
To further determine the dependence of the excitatory responses emerging at depolarizing potentials on NMDA receptors, we made recordings in mice with selective KO of the gene for the NR1 subunit of NMDA receptors in CA1 neurons (i.e. CA1-KO mice used in previous reports; Tsien et al. 1996; Huerta et al. 2000) . As in Fig. 4A , conventional whole-cell recording with Cs + /TEA internal solution was made in current-clamp mode for depolarizing the cell. In such experiments, a small fraction (1/10) of CA1 PCs we recorded in CA1-KO mice were found to show excitatory MP responses to the flash, while the majority (8/10) of PCs recorded in control littermates could be excited (Fig. 4D) . These findings provided further evidence that the responses emerging at depolarizing potentials in FSI cells originated from NMDA receptors.
Stimulus-specific CA1 responses at depolarizing potentials
We next asked whether the NMDA receptor-mediated CA1 responses we observed under anaesthesia were visual Fig. 2A ; for both groups of excitatory MP responses with and without spike responses) and with Cs + /TEA (in A) as well as the onset latencies and peak latencies (for which, voltage-clamp recordings at -35 mV as summarized in Fig. 3B are also included). Error bar, SD. * * * P < 0.001; * P < 0.05; n.s., not significant. C, grey symbols represent the data obtained with Cs + /TEA treatment but V soma held at -80 mV in voltage-clamp mode (Cs + /TEA & VC -80 ; n = 9), which are presented as in A. As a comparison, the results from the above 13 recordings summarized in Fig. 3B (V soma held at -35 mV with K + -based internal solution; K + & VC -35 ; black symbols) are shown together. D, as in A (Cs + /TEA treatment), for the current-clamp recording data obtained from CA1-KO mice (n = 10) and their littermate controls (CON; n = 10).
J Physiol 596.10 stimulus specific. In another group of CA1 PCs (rats) subjected to Cs + /TEA treatment, we measured MP responses to both the flash and a dimming light stimulus. In 13 cells recorded, 11 exhibited significant responses to both stimuli, with excitatory responses to both stimuli in 7 cells and different directions (excitatory or inhibitory) of responses to the two stimuli in 4 cells (no responses to one of the stimuli in 2 cells), as shown in Fig. 5A by the average responses for 3 example cells and Z-scored responses for all the 11 cells. We further compared the excitatory responses evoked by the two stimuli in the same cells (Cells 1-7 in Fig. 5A, left) . Between the values averaged across population data, we found no overall difference in their peak amplitudes, onset latencies, or rise times (Fig. 5B) . In addition, in individual cells, the peak amplitudes of the excitatory responses to the two stimuli were similar ( Fig. 5C; P > 0.23 in all cells) . This similarity was also reflected by the significant correlation of response amplitudes observed in these cells (Fig. 5D) . However, in terms of the temporal profiles, as displayed in Fig. 5A , clear differences can be seen between the excitatory responses to the two stimuli, which was also reflected by the lack of significant correlation in their onset latencies (Fig. 5E ) as well as rise times (Fig. 5F ). Thus, in the recordings achieved under anaesthesia, although the amplitudes between the excitatory responses to the two stimuli were similar, the obvious differences in temporal profiles provide evidence that the excitatory responses at depolarizing potentials were stimulus specific, possibly resulting from the transmission by specific sets of relay neurons or specific temporal patterns of activation in their common relay neurons. 
Similar CA1 responsiveness to the flash in awake states
In awake, head-fixed mice (as illustrated in Fig. 6A ), we also performed perforated whole-cell recording (which was more stable than conventional whole-cell recording, particularly in awake animals) to examine flash-evoked CA1 responses (K + -based internal solution was used, as in perforated whole-cell recording from anaesthetized animals). In one group of CA1 PCs, we persistently held (in voltage-clamp mode) V soma at -35 mV and measured MC responses to the flash stimulus. Similar to the findings from anaesthetized animals, excitatory responses were found in the majority (11/16; 69%) of PCs at the depolarizing potential ( Fig. 6B and C) (in the remaining 5 cells, 3 were inhibited and 2 showed no responses). Likewise, at resting potentials, responses could be observed only in a minority of PCs. As observed by measuring responses at both -35 mV and -70 mV from the same cells, in a total of nine CA1 PCs with excitatory responses at -35 mV (4 from the data shown in Fig. 6C ; 5 from other experiments, with initial measurements at -35 mV lasting for a shorter duration), seven cells exhibited no detectable responses at -70 mV ( Fig. 6D and E) . These results demonstrated an analogous CA1 responsiveness to the flash stimulus between anaesthetized and awake states. responses is the origin at postsynaptic silent synapses (see Discussion). To further test this idea, we examined the presence of CA1 silent synapses in adult animals by carrying out experiments in hippocampal slices (from rats at the same age as for the above in vivo recordings) and adopting a standard protocol as in in vitro studies in young animals for assessing silent synapse-mediated activity (Isaac et al. 1995; Liao et al. 1995; Durand et al. 1996) , considering that silent synapses have not been clearly demonstrated in the adult hippocampus by previous reports. Conventional whole-cell recording with Cs + /TEA internal solution was made in voltage-clamp mode on CA1 PCs, and Schaffer collateral stimulation was adjusted with the intensity level just below the threshold for eliciting postsynaptic responses at V soma of -70 mV. Out of 33 cells that displayed no responses at -70 mV, 17 (52%) cells showed clear excitatory responses at a positive potential (around +35 mV), which were abolished by bath-applied D,L-2-amino-5-phosphonovaleric acid (APV; an NMDA receptor blocker; 200 μM) and re-emerged after the drug was washed out (Fig. 7A and B for an example cell; Fig. 7C for the summary, in which 10 and 5 recordings underwent drug treatment and washout, respectively). These in vitro experiments further demonstrated the existence of silent synapses in adult CA1 PCs.
Discussion
As an important process involved in numerous hippocampal functions, synaptic activity in response to sensory stimulation in hippocampal neurons has not been well characterized. In this study, we have investigated MP and MC responses evoked by a flash of visual stimulation in hippocampal CA1 PCs and found NMDA receptor-gated responses in a large population of CA1 neurons. At resting potentials, ß30% of CA1 PCs were found to exhibit significant excitatory/inhibitory responses to the flash stimulus. When depolarized, nearly all CA1 PCs we recorded showed responses to the flash, and the responses in the greatly enlarged neuronal population were NMDA receptor dependent. Our findings demonstrate an NMDA receptor-based mechanism of hippocampal processing of sensory information, which may play important roles in hippocampus-dependent brain functions such as memory acquisition and storage.
Potential mechanisms of NMDA receptor-mediated gating of visual responses
We detected flash stimulus-evoked MP or MC responses at resting potentials in ß30% of CA1 PCs (as termed At +35 mV, clear responses to the same stimulation were observed, which were blocked by bath application of APV and re-emerged after drug washout. B, for the cell shown in A, raw traces of 10 consecutive stimulation trials (top) and averaged traces (bottom) that were taken from the indicated time segments. C, summary of all experiments as illustrated in A (n = 10 from the beginning of recording to the end of drug application at +35 mV, and n = 5 for the whole period).
FSS cells). In our data, the detectable responses showed Z-scores of peak amplitudes ࣙ4 (see Methods), which were distinct from those of FSI cells (Z-score ࣘ2). Although distinct responsiveness was found in FSS and FSI cells, we cannot completely exclude that there was no response in FSI cells, due to the baseline noise (in average traces for assessing a response) caused by spontaneous CA1 activity in vivo. However, even if there was a response in some FSI cells, it can be expected to be of a very small amplitude. This was indicated by the observations in recordings undergoing a large number of response measurements (with baseline noise considerably reduced to 0.13 ± 0.03 mV, mean ± SD; see example recordings shown in Fig. 1D ), in which responses were also detected in a small proportion of cells. In addition, in the responses measured at -35 and -70 mV from the same cells (Fig. 3B, right) , MC changes at -70 mV averaged (with reference to the responses at -35 mV) across all FSI cells also exhibited no significant responses, although baseline noise was greatly reduced to 0.39 pA.
With no or very small responses at resting potentials, FSI cells exhibited clear excitatory responses to the flash stimulus at depolarizing potentials, which required the activation of NMDA receptors. A likely and simple explanation for the NMDA receptor-gated responses in FSI cells is the postsynaptic origin at silent synapses. As discussed above, although the existence of functional synapses with a small undetectable response at resting potentials cannot be completely excluded, the apparent difference in responsiveness observed between depolarizing and resting potentials from FSI cells, with the current-voltage (I-V) relationship (e.g. see Fig. 3A and B for the responses recorded at V soma of -35 and -70 mV in the same cells) in an opposite direction to the I-V relationship demonstrated at functional glutamatergic synapses (Hestrin et al. 1990) , was consistent with the activation of silent synapses as reported in vitro in young animals (Isaac et al. 1995; Liao et al. 1995; Durand et al. 1996; Kerchner & Nicoll, 2008) . This possibility was further supported by our findings with NMDA receptors intracellularly blocked ( Fig. 3C and 4A ) or knocked out (Fig. 4D) , in which a disappearance of responses was observed at depolarizing potentials in FSI cells, as well as by our recordings in hippocampal slices of adult rats in which silent synapse-mediated activity was observed in a large number of adult CA1 neurons (Fig. 7) .
In addition to silent synapses, we also suggest that activation of some unknown dendritic conductances (e.g. mediated by Ca 2+ channels) that was caused by NMDA receptor activity at depolarizing potentials was likely to account for the emergence of responses at depolarizing potentials in FSI cells, with amplification effects on the responses during their dendritic propagation.
Potential mechanisms of sparse information representation in CA1 regions
As a multimodal brain area, the hippocampus has been known to use a strategy of "sparse representation" to process sensory information (Skaggs & McNaughton, 1992; Treves & Rolls, 1994; Okada, 1996; Buzsaki, 2006) . The findings in the present study indicate a postsynaptic mechanism of NMDA receptor-mediated gating that is used for sparse information representation in CA1 regions, as shown by the NMDA receptor-dependent responses at depolarizing potentials in FSI cells. We have also noted that a recent study of spatial receptive fields of hippocampal place cells has demonstrated the emergence of a spatially tuned subthreshold response and place-field spiking when CA1 neurons were depolarized (Lee et al. 2012) . Although the mechanism for the reported emergence of new place fields has not been resolved with direct experimental evidence, one possible process could involve the activation of CA1 NMDA receptors.
In addition to the synaptic mechanism based on NMDA receptors, we also suggest some mechanisms at circuit levels that might be involved in determining the sparse distribution of information representation in CA1 neurons. These circuit mechanisms might exist in some brain state-dependent activity of CA1 interneurons and neuromodulators with the effect on presynaptic transmission at functional synapses or postsynaptic activation at silent synapses, as well as some possible changes of intrinsic neuronal excitability (e.g. in resting potentials, average MP levels in spontaneous activity, firing threshold and burstiness) under some circumstances that are likely to influence CA1 distribution of information coding.
Response properties
Similar to previous reports in CA1 neurons (Quiroga et al. 2005; MacDonald et al. 2011; Itskov et al. 2012) , the flash-evoked CA1 responses exhibited very variable latencies (see Fig. 2C for recordings at resting potentials and Fig. 5E for recordings at depolarizing potentials), possibly reflecting that these responses were transmitted to CA1 PCs via various numbers of relays (e.g. by different relay structures between the visual cortex and hippocampus, and the recurrent transmission in CA3 circuits; Buzsaki, 2006) or, if relay numbers were similar, various temporal patterns of spike activity in relay neurons. On the other hand, the response durations were very long (usually hundreds of milliseconds; at both resting and depolarizing potentials), reflecting that these responses were generated by a train of presynaptic spikes.
In cells showing SR responses (recorded in current-clamp mode at resting potentials; Fig. 1E and 2A) , the amplitudes of MP responses measured from average traces were small (excitatory, 1.8 ± 0.2 mV; inhibitory, J Physiol 596.10 -1.2 ± 0.1 mV), as compared with the firing threshold in our recordings (mean ± SD, 11 ± 1.2 mV; from resting potentials). The small amplitudes observed in average responses were likely due to response failures in a part of stimulation trials. However, it was also possible that a relatively small MP response was able to cause SR changes, given the presence of spontaneous MP and SR changes as shown in Fig. 1B and previous reports (Buzsaki et al. 1996; Grienberger et al. 2014; Liu et al. 2017) . On the other hand, a steeper rise slope was observed in average MP responses in the cells with SR changes, as compared with those without SR changes (Fig. 2B) , suggesting that during the rise phase, there was a higher frequency of presynaptic spikes or a set of synapses containing more receptors that were responding to single presynaptic spikes, with a possible contribution to the generation of SR changes.
Altogether, we have shown NMDA receptor-gated visual responses in a widespread population of hippocampal CA1 neurons. We propose that such NMDA receptor-mediated gating was likely to result from postsynaptic origin at silent synapses and/or NMDA receptor-dependent activation of some dendritic conductances. As for hippocampus-dependent functions, the NMDA receptor-gated sensory response in CA1 neurons may be involved and serve as a critical process. For example, during associative learning, association of the conditioned stimulus and unconditioned stimulus is likely to depolarize the cell for generating postsynaptic responses at conditioned stimulus-associated synapses that have been originally gated by NMDA receptors, and then induce plasticity (e.g. long-term potentiation) at these CA1 synapses for the acquisition and storage of an associative memory. The exact role of NMDA receptor-gated sensory responses in CA1 neurons that is possibly involved in hippocampal functions remains to be further determined.
